Introduction: Radiofrequency (RF) and cryoablation are routinely used to treat
result, reversible block. 5 Deeper and bigger lesions can be made by using higher contact force, but higher contact force is also associated with more complications like steam pops as well as edema. 6, 7 We have also recently reported the large extent of edema that is associated with RF ablation and that it resolves over the span of few weeks. 8 However, the differences between the creation and timeline of edema associated with cryo vs RF are still unknown.
Late gadolinium enhancement magnetic resonance imaging (LGE-MRI) has been used to estimate myocardial scar after catheter ablation and T2-weighted (T2w) MRI has been used to estimate edema. [9] [10] [11] Our goal in this study was to study the timeline and differences between edema and lesion maturation between cryo and RF ablation by using serial MRI for acute and chronic ablation lesions of similar size.
2 | METHODS
| Electrophysiology study and ablation
This study was performed in a canine model (n = 11). The study protocol was approved by Institutional Animal Care and Use
Committee in the University of Utah and conforms to the Guide for the Care and Use of Laboratory Animals. Animals were anesthetized using propofol and then intubated for general anesthesia with 1% to 3% isoflurane. Bifemoral vein access was obtained percutaneously and a 5-Fr sheath was also inserted in a femoral artery for continuous arterial blood pressure monitoring. 
| Lesion characterization in gross pathology
The hearts were fixed in formalin and then sliced into 2-mm sections. The lesions were matched with the corresponding location in both the chambers and in the MRI. We only evaluated lesions that were distinct and had no overlap with others. Digital images of both sides of each slice were obtained. The area of the lesion (average of the calculated area on the two sides of the slice)
was multiplied with the slice thickness to get the lesion volume for each slice. For slices that had lesion only on one edge, the depth and area of the lesion on the surface were used to calculate the lesion volume in that slice assuming a conical shape for the lesion.
The volume across all the slices for each lesion was added to get the total lesion volume. For calculating the depth of the lesion, incisions were made through each lesion to measure the maximal depth and it was recorded.
| Magnetic resonance imaging
Following the ablation procedure, the animal while intubated was transferred to a 3-T MRI scanner (Verio; Siemens). We obtained 
| Image processing
The corresponding T2w and LGE images for each lesion were identified.
The volume of enhancement for T2w, as well as LGE-MRI was calculated using Seg3D image processing software (SCI Institute, University of UT, Salt Lake City, UT). The area of enhancement was quantified for each slice and then summed up over all the slices covering that lesion. Figure 1 shows the example of quantification for edema volume and LGE volume.
In LGE-MRI, the ablated lesion was defined using a pixel intensity threshold algorithm as described in previous reports. 12, 13 Ablated area was defined as three standard deviations above the normal tissue mean pixel intensity. In LGE-MRI acute lesion was characterized by a hypointense or microvascular obstruction (MVO) region in the middle, encircled with a ring of enhancement. 8 This central MVO region was included in the ablated area measurement, after delineating the ring-like enhanced area using the automated threshold. A similar automated approach was used for edema quantification. A threshold of two SDs above the normal wall mean tissue pixel intensity in T2w MRI was used.
The Supporting Information Figure shows the effect of using different thresholds for edema and outlines the reason for using two SDs used here for edema. LGE, late gadolinium enhancement; MRI, magnetic resonance imaging; RF, radiofrequency; T2w, T2-weighted distributed variables between two groups was performed by an independent-sample and paired t test.
| Statistical analysis
To assess the association between acute edema volume and acute
LGE volume, a linear regression analysis was performed. Comparing with histology data and lesion size in LGE-MRI, a linear regression analysis was also used to show correlation. A P < 0.05 was accepted as indicating statistical significance.
| RESULTS
Forty-five (20 cryo and 25 RF) ventricular lesions in 11 animals were assessed in this study. Figures 2 and 3 show examples of cryo and RF lesion maturation in MRI acquired at acute phase, 1 or 2 weeks, and chronic phase and gross pathology. Table 1 describes the lesion location, edema, and LGE-MRI volumes in the acute, subacute, and the chronic phase, as well as the pathological volume for cryo and RF lesions. There was no difference in the lesion location in the two groups. Acute lesion volume in LGE-MRI was comparable between the two groups but acute edema volume in RF group was significantly larger. The T2w imaging for 4 of 45 lesions in the acute phase had poor image quality and, hence, was not included in the analysis. In a week, both edema and LGE-MRI volume were smaller than the acute phase with no difference between the two groups. After 2 weeks, LGE volume decreased further but more importantly, no enhancement was seen on T2w imaging in both the groups. Figure 4 shows the correlation between LGE-MRI and T2w edema volume in the acute phase (day 0) for cryo and RF lesions. While a strong correlation (R 2 = 0.70) was observed in cryolesion, RF lesion volume had a moderate correlation with edema volume (R 2 = 0.58) but it was not significantly different (P = 0.53). Figure 5 shows the correlation between chronic LGE-MRI lesion depth and volume as seen in LGE-MRI and gross pathology. Chronic lesion assessment in LGE-MRI had a strong correlation with pathological findings.
The delay in time from ablation to MRI was also assessed in both the groups. The time delay between lesion creation and T2w imaging was significantly longer for the RF lesions (25 lesions: 172.3 ± 58.6 minutes) as compared with cryolesions (16 lesions: 128.8 ± 42.9 minutes; P = 0.02).
In this study, cryo group had two different freeze cycle times of 120 and 240 seconds, respectively, so we also analyzed those two subgroups separately ( Table 2 ). In the 240 seconds group, all nine lesions were made in the LV (P = 0.0014). Both acute T2w and LGE volumes in the 240 seconds group were significantly larger than those in the 120 seconds group. The acute edema/LGE ratio was similar at 1.8 and 2.0 for 240 and 120 seconds, respectively. In the subacute phase, the edema volume had decreased after 1 week and was absent after 2 weeks. In the chronic phase, lesion depth and volume were significantly larger in the 240 seconds group.
| DISCUSSION
In this study, we report for the first time a comparison of acute lesion formation and maturation between cryo and RF ablation using serial MRI. LGE vol, mm LGE vol, mm LGE vol, mm LGE depth, mm 6.0 ± 1.1 8. Abbreviations:
T A B L E 1 Comparison of cryo and RF lesion characteristics
LGE, late gadolinium enhancement; LV, left ventricle; RF, radiofrequency; RV, right ventricle; Temp, temperature; vol, volume.
The mechanism of tissue injury for cryolesions is different from that of RF lesions. Cryoablation can cause irreversible alterations of cytoplasmic components and nuclei without disruption of cell membrane leading to cell death by apoptosis and finally scar. 16 For cryolesions, the cell apoptosis rate has been shown to increase progressively for 2 to 8 hours after freezing with a second peak of necrosis observed after 4 days. 17 For RF lesions, there is direct cell injury from heating and one can expect a larger acute edema immediately after ablation. In our study, the enhancement volume as seen in the T2w MRI scans was significantly smaller for cryolesions as compared with the RF lesions for lesions of comparable chronic size. The time delay between lesion creation and the T2w MRI scan done to assess edema was significantly shorter for cryo as compared with the RF lesions in our study. As we only acquired the T2w MRI at one timepoint, depending on the rate of increase in edema formation and peak edema we might not have the peak edema volume for either of the two modalities. For clinical relevance, the tissue swelling occurring in the first hour or so acutely after ablation is likely of most significance as that is likely to play a larger role in acute procedural success rate. Further development of edema after few hours is unlikely to make a difference to acute procedural outcomes as these changes will likely be postprocedural. We also show that tissue swelling is still present after a week but is smaller from the acute phase for both cryo and RF and the enhancement on T2w imaging is mostly resolved by two weeks.
Time dependence of edema for RF lesions has been reported by us 8 before but a similar course for cryolesion-based edema recovery is new.
In cryo group, LGE lesion size was strongly affected by the freeze time. The chronic lesion size in the 240 seconds group seen both in MRI and histology was significantly larger than that in 120 seconds group, as reported previously. 18 Despite the larger volume in 240 seconds group the acute edema volume/LGE volume ratio was about 2.0 and that was comparable between the 120 and the 240 seconds groups.
We have recently shown that for RF lesions the acute LGE area of enhancement can be much larger than the chronic lesion size. 8 The same appears to be true for cryolesions. In our study, the acute LGE enhancement for cryo and RF was 2.6 to 2.7 times larger than the chronic LGE enhancement indicating that LGE enhancement is similar for both types of injury.
LGE volume in both groups decreased with time.
There was no significant difference in lesion volume reduction in both the groups. In our study, RF lesion was made by a 3.5-mm catheter tip, whereas cryolesions were made by 8.0-mm catheter tip. Prior work in RF ablation has shown larger electrode tips lead to larger lesion. 19 Despite the difference in the electrode tip size between cryo and RF used in this study, the chronic lesion size was the same, making the two groups quite comparable. Moreover, there are no data about catheter contact force in our study as the contact force has little relevance for cryolesions.
The key findings of this study and their importance to clinical ablation strategies lie in the relative similarity of the two energy delivery modalities we compared. We created chronic ventricular lesions of similar size and found that the pathway to this chronic state was similar in terms of acute lesion size and the rate of reduction of edema after the procedure. The most meaningful difference was that the cryoablations generated less initial edema as compared with RF, suggesting the possibility of lower recurrence from swelling induced by temporary suppression of excitation.
| Limitations
We did not study atrial lesion formation. The study was designed to look at the edema size. Even though the extent of edema in the atrium is of great clinical significance, the thin atrial wall does not lend itself to studies like this where the goal is to look at the edema quantitatively. With the atrial wall being only 2 to 3 mm in thickness, the lesions are transmural and any growth in edema is only going to be sideways and not deep in the wall, significantly limiting the extent of the edema. Moreover, the thin atrial wall also makes it difficult to acquire images at a resolution to reliably quantify the extent of these changes. The physics of ablation is not expected to be very different between the atrial and ventricular tissue so we believe that the ventricular findings can easily be translated to atrial ablation.
There was a significant difference in the time delay between lesion creation and edema imaging for the two modalities. A recent study that did serial imaging for about an hour for RF ablation did not show any significant change in edema formation, so we believe that by the time the imaging was done in this study most of the edema would have formed already. 8 Nonetheless, further studies with dedicated imaging at the same time points after ablation will be needed to address this, though one can argue that any change in edema a few hours after lesion creation will be less relevant clinically.
| CONCLUSIONS
Acute lesion size and chronic lesion were comparable in cryo and RF 
